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Abstract: The response of forest trees, the largest carbon sinks on the 
earth, to continuing rise in atmospheric carbon levels is unknown. Re¬ 
ports state that increasing levels of atmospheric C0 2 will stimulate pho¬ 
tosynthesis and productivity in most ecosystems. However, the duration 
and magnitude of this stimulation, particularly in the tropics, remains a 
question. To investigate the effects of C0 2 fertilization on plant growth, 
seedlings of three common plantation species, Casuarina equisetifolia, 
Ailanthus excelsa and Tectona grandis were grown in closed chambers 
enriched with C0 2 . After 180 days of treatment, morphological traits of 
seedling height, biomass of root and shoot and root-shoot allometric 
co-efficient were measured. The activity of carbonic anhydrase and con¬ 
tents of chlorophylls, total carbohydrates and soluble proteins were de¬ 
termined. In Tectona grandis, significant effects of C0 2 supply were 
found on chlorophylls, root-shoot allometric ratio and seedling quality 
index. Ailanthus excelsa showed significant effect on only the shoot 
characteristics on exposure to elevated C0 2 but the root characteristics 
and concentrations of chlorophylls were not significantly different. Ca¬ 
suarina equisetifolia also showed significant effects on exposure to ele¬ 
vated C0 2 in terms of shoot characteristics and concentrations of chlo¬ 
rophylls. Total sugars, the major photosynthates, did not show any sig¬ 
nificant variation to elevated C0 2 in any of the three species. Carbonic 
anhydrase, the key enzyme responsible for transfer of C0 2 into the tis¬ 
sues significantly increased in all three species. Overall, all the variables 
responded to elevated C0 2 , reflecting the positive effects of one parame¬ 
ter of climate change conditions on seedling quality. A positive response 
of these three plantation species to elevated C0 2 content is a good indi¬ 
cation for their future existence in potentially changed climatic condi- 
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Introduction 

Human activities are causing a steady rise in carbon dioxide 
concentration (CO 2 ) in the atmosphere (IPCC 2001). CO? eleva¬ 
tion can lead to changes in physiological and growth activities of 
plants, and consequently, changes in the biosphere (Eichelmann 
et al. 2004). Considerable attention has been devoted to plant 
physiological and growth responses to elevated C0 2 (Rey and 
Jarvis 1998; Roberntz and Stockfors 1998; Rogers and Humph¬ 
ries 2000; Jach and Ceulemans 2000; Zhang and Dang 2005; 
Kamosky et al. 2005; King et al. 2005; Cao et al. 2007; Kubiske 
et al. 2007). Growth rates usually accelerate when terrestrial 
plants are grown in C0 2 enriched atmospheres. The net photo¬ 
synthetic rate of trees generally increases in response to CO? 
elevation if there are no other limiting environmental factors 
(Karnosky et al. 2005). Transient effects of elevated C0 2 on 
plant growth have been correlated with changes of net photosyn¬ 
thesis and attributed to altered levels of chlorophyll (a+b), Ribu- 
lose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) and 
various other photosynthetic proteins (Sage 2002). However, this 
growth stimulation typically subsides within a few days or weeks 
as plants acclimate to the elevated C0 2 treatment (Sage 1994). 
The acclimation of growth and photosynthesis to enhanced C0 2 
is usually less pronounced in seedlings than in larger, older 
plants (Sage 2002; Geiger et al. 1998). Therefore, seedlings and 
developing tissues are important tools for studying plant re¬ 
sponses to C0 2 enrichment. This study investigated the re¬ 
sponses of seedling traits and primary metabolites in three tropi¬ 
cal plantation species under the current ambient and doubled 
C0 2 . It was hypothesized that different species respond differ¬ 
ently to elevated C0 2 levels initially but adapt to the changed 
environment over a period of time. 
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Materials and methods 

Materials 

The experiment was carried out at the Institute of Forest Genetics 
and Tree Breeding (IFGTB), Coimbatore, Tamil Nadu, India. 
Seedlings of each of the selected tree species namely Tectona 
grandis, Ailanthus excelsci and Casuarina equisetifolia were 
directly sown in hycopots filled with soil : sand : farmyard ma¬ 
nure at 2:1:1 and placed inside polytunnels made of polythene 
sheets of 500 microns thickness. C0 2 enrichment was done to 
elevate the concentration (to 640 pL L' 1 ) using C0 2 cylinders. 
Seedlings placed in polytunnels under ambient (365 pLL' 1 ) C0 2 
served as controls. The enrichment was done on daily basis and 
CCB levels were monitored using a Portable Photosynthesis Sys¬ 
tem of CID, Inc., USA. Seedlings in polytunnels without CCB 
enrichment served as control. The experiment lasted 180 days. 
Observations were recorded on the 90 th and 180 th days following 
treatment. 

Plant growth 

The experiments were carried out in five replicates of each 
treatment. The seedlings were selected randomly from each 
treatment. Each seedling was separated into shoot and root. The 
harvested above- and below-ground plant materials were 
weighed. Root traits including total root length, root fresh weight 
and root-collar diameter, and shoot traits including height of 
plant and shoot fresh weight were measured. The seedlings were 
then oven-dried at 70°C for 48 h. Seedling Quality Index was 
quantified using the method of Dickson et al. (1960) and root to 
shoot allometric coefficient was calculated from paired meas¬ 
urements of root and shoot biomass. The amount of biomass 
accumulated during the six-month experiment was used as a 
measure of growth. 

Biochemical analysis 

Five seedlings were sampled from each set. Sample extraction 
was carried out with different types of solvents for various ana¬ 
lyses (phosphate buffer, hydrolyzed 2.5 N HC1 and 80% acetone) 
centrifuged and then supernatant was taken for the estimation. 
Leaf tissue was analysed for total carbohydrates by use of the 
Yemm and Fokes (1954) method. A 100-mg sample was digested 
in 2.5 N HC1 and the resulting green color was read at 630 nm in 
a Systronics UV-visible spectrophotometer. Total soluble pro¬ 
teins were measured in the leaves using the method of Lowry et 
al. (1951). Chlorophylls were extracted into solution with 80% 
acetone, and absorbance measured at 645, 652 and 663 nm to 
determine the total chlorophyll, chlorophylls a and b contents 
(Yoshida et al. 1976). Carbonic anhydrase activity was measured 
following Wilbur and Anderson (1948). 


Data analysis 

Data were analyzed using analysis of variance (ANOVA) with 
SPSS statistics package. Means were compared using DMRT 
where ANOVA showed a significant effect. Replications were 
also considered as variates since the seedlings did not exhibit 
homogeneity in growth performance due to segregation. The 
percentage variation of each parameter due to increased C0 2 at 
different growth stages was calculated over ambient level values 
and the maximum responsive growth stage to different levels of 
C0 2 was identified. 

Results 

Root characteristics 

The results are presented here as the response of the different 
species in growth and chemical composition to elevated levels of 
C0 2 , i.e. 640 pL L' 1 at different time intervals namely three and 
six months (90 and 180 days following treatment). 

Tectona grandis: Root length increased throughout the growth 
period studied. Root length after 180 days reached a maximum 
of 33.36 cm. Root length of treated samples was greater than that 
of controls but the difference was not significant (Tables 1 and 5). 
The increment in root length following exposure to elevated C0 2 
was 12% with 640 pL L 1 , over the control recorded at 180 days 
of growth (Fig. 1 and Table 5). Ailanthus excelsa: Though root 
length increased throughout the growth period (Tables 2 and 4), 
the increment following exposure to elevated C02 was only 
0.77% over the control (Fig. 1 and Table 5). The root length after 
180 days reached a maximum of 15.13 cm (Table 4). Under ele¬ 
vated C02, mean root length exceeded that of controls but not 
significantly (Tables 2 and 5). Compared to the root length at 90 
days, the root length doubled at 180 days (Table 4). Casuarina 
equisetifolia: Elevated C0 2 did not significantly influence root 
length (Tables 3 and 5). Furthermore, mean root length in Casu¬ 
arina equisetifolia following exposure to elevated C0 2 was 16% 
below the control (Fig. 1). 



Fig. 1 Percent variation in root characteristics ratio of Tectona 
grandis, Ailanthus excelsa and Casuarina equisetifolia under elevated 
C0 2 levels and ambient conditions 
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Table 1. ANOVA for various growth, biomass and chemical charac¬ 
teristics in Tectona grandis seedlings over 180 days and their re¬ 
sponse to elevated CO 2 levels (640 pLL" 1 ) and ambient (365 pLL" 1 ) 
conditions 



Replication 

C0 2 

levels 

Time 

interval 

C02 x Time 

intervals 

Error 

CHLA 

0.211 

8.489** 

28.346** 

8.672** 

0.370 

CHLB 

0.388 

16.946** 

25.200** 

22.282** 

0.206 

TCHL 

2.545* 

10.210** 

3.689** 

14.603** 

0.225 

CA 

5.914 

1.022* 

69.714** 

1.181 

0.811 

RL 

12.656 

32.004 

2374.020** 

5.724 

30.668 

SL 

4.692 

10.658 

6610.248** 

36.992 

41.781 

FRW 

7.115 

0.772 

245.210** 

0.002 

2.103 

FSW 

0.702 

0.623 

234.955** 

0.749 

1.090 

DRW 

1.616 

0.612 

52.618** 

0.283 

0.448 

DSW 

0.578 

0.506 

49.487** 

0.450 

0.169 

SQI 

0.097 

4.131** 

11.720** 

6.555** 

0.476 

PTN 

1.163* 

0.105 

12.593** 

0.025 

0.086 

SUG 

53.015 

80.722 

1700.906** 

196.564* 

46.673 

RSRATIO 

0.020 

5.429** 

16.928** 

5.555** 

0.520 


** significant at p <0.01, * significant at p <0.05. CHLA: Chlorophyll a, 
CHLB: Chlorophyll b, TCHL: Total Chlorophyll, CA: Carbonic Anhydrase, 
RL: Root length, SL: Shoot length, FRW: Fresh Root weight, FSW: Fresh 
Shoot weight, DRW: Dry Root weight, DSW: Dry Shoot weight, SQI: Seed¬ 
ling Quality Index, PTN: Proteins, SUG: Sugars, RSRATIO: Root Shoot 
Ratio. 

Table 2. ANOVA for various growth, biomass and chemical charac¬ 
teristics in Ailanthus excelsa seedlings over 180 days and their re¬ 
sponse to elevated CO 2 levels (640 pL L" 1 ) and ambient (365 pL L" 1 ) 
conditions 



Replication 

C0 2 

levels 

Time 

interval 

C02 x Time 

intervals 

Error 

CHLA 

13.889** 

0.325 

44.342** 

0.684 

1.184 

CHLB 

27.506** 

2.387 

68.265** 

0.886 

2.088 

TCHL 

21.477** 

1.090 

10.440* 

0.389 

1.659 

CA 

1.112* 

5.418* 

10.325** 

6.601** 

0.154 

RL 

4.624 

0.041 

227.813* 

0.364 

12.121 

SL 

47.742 

143.112* 

2453.112** 

38.921 

13.765 

FRW 

0.357 

0.023 

1.201* 

0.015 

0.113 

FSW 

4.316 

9.647* 

141.885** 

1.879 

2.150 

DRW 

0.035 

0.495 

0.459** 

0.007 

0.014 

DSW 

0.291 

1.250* 

13.284** 

0.487 

0.195 

SQI 

0.885 

1.842 

1.008 

21.611* 

2.677 

PTN 

1.685 

6.868* 

36.396** 

9.086** 

0.957 

SUG 

308.414 

241.165 

10130.9* 

67.308 

290.538 

RSRATIO 

2.545 

0.772 

2.731 

27.168** 

2.964 


** significant at p <0.01, * significant at p <0.05. CHLA: Chlorophyll a, 
CHLB: Chlorophyll b, TCHL: Total Chlorophyll, CA: Carbonic Anhydrase, 
RL: Root length, SL: Shoot length, FRW: Fresh Root weight, FSW: Fresh 
Shoot weight, DRW: Dry Root weight, DSW: Dry Shoot weight, SQI: Seed¬ 
ling Quality Index, PTN: Proteins, SUG: Sugars, RSRATIO: Root Shoot 
Ratio. 


Table 3. ANOVA for various growth, biomass and chemical charac¬ 
teristics in Casuarina equisetifolia seedlings over 180 days and their 
response to elevated C0 2 levels (640 pL L' 1 ) and ambient (365 pL L" 1 ) 
conditions 



Replica¬ 

tion 

CO2 levels 

Time 

interval 

C02 x Time 

intervals 

Error 

CHLA 

1.06 

4.223* 

6.555* 

2.346 

0.81 

CHLB 

298.061* 

267.034* 

1527.402** 

275.727* 

61.817 

TCHL 

241.277* 

202.63* 

960.221** 

225.792* 

47.695 

CA 

0.154 

8.765** 

405.36** 

0.564 

0.266 

RL 

38.025 

41.76 

2086.925** 

65.885 

21.922 

SL 

52.67 

276.024* 

12000.101** 

233.244* 

37.311 

FRW 

0.0001225 

0.06498 

2.204** 

0.07938 

0.02885 

FSW 

0.861 

4.168* 

74.151** 

3.952* 

0.49 

DRW 

0.002103 

0.01058 

0.599** 

0.00968 

0.008404 

DSW 

0.31 

0.865* 

18.432** 

0.824* 

0.136 

SQI 

0.949 

1.782 

141.459** 

0.812 

0.652 

PTN 

0.495 

2.513* 

37.074** 

0.06384 

0.285 

SUG 

0.686 

64.046 

180.3* 

258.696** 

25.014 

RSRATIO 

3.312 

5.335 

34.087** 

0.005445 

1.943 


Chlorophyll a, CHLB: Chlorophyll b, TCHL: Total Chlorophyll, CA: Car¬ 
bonic Anhydrase, RL: Root length, SL: Shoot length, FRW: Fresh Root 
weight, FSW: Fresh Shoot weight, DRW: Dry Root weight, DSW: Dry Shoot 
weight, SQI: Seedling Quality Index, PTN: Proteins, SUG: Sugars, RSRATIO: 
Root Shoot Ratio. 

Root fresh and dry weights of Tectona grandis: Both root 
fresh and dry weights followed the same trend as root length. 
The percentage increase over control was about 9.74% in root 
fresh weight and 21.78 % in root dry weight (Fig. 1; Table 5). 
Ailanthus excelsa: Elevated CO 2 did not significantly influence 
the fresh and dry weights, but percentage increase over control 
was about 11.49% in root fresh weight and 4.33 % in root dry 
weight (Fig. 1; Table 5). Casuarina equisetifolia: The trend ob¬ 
served in Tectona grandis and Ailanthus excelsa was observed in 
this species. The percent increment over the control was recorded 
as 38.13 and 29.30 for fresh and dry weights, respectively (Fig. 
1; Table 5). 

Shoot characteristics 

Shoot length of Tectona grandis: Shoot length was shorter in 
elevated conditions of C0 2 when compared with controls, the 
difference being 5% less than controls after 180 days of growth 
(Fig. 2; Table 5). Ailanthus excelsa: C0 2 significantly in¬ 
creased the shoot length of Ailanthus excelsa (Table 2). The 
combined effects of growth period and C0 2 did not influence the 
plant height significantly (Table 2). The increment was 22.94% 
greater than for controls. This was the highest recorded among 
the three species studied. Casuarina equisetifolia: Similar to 
Ailanthus excelsa, elevated C0 2 significantly influenced the 
shoot length in Casuarina equisetifolias (Tables 3 and 5). The 
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increment in shoot length in Casuarina equisetifolia following exposure to elevated CO 2 was 21.74 percent. 


Table 4. Various growth, biomass and chemical characteristics in Tectona grandis, Ailanthus excelsa and Casuarina equisetifolia seedlings over 
90 and 180 days in closed chambers. 



Tectona grandis 

Ailanthus excelsa 

Casuarina equisetifolia 

Parameters 

3 months 

6 months 

3 months 

6 months 

3 months 

6 months 

CHLA 

1.4840.08 

3.8641.59 

1.6640.20 

4.6441.88 

1.5140.33 

2.6541.45 

CHLB 

1.7240.43 

3.9642.14 

1.5440.61 

5.2342.56 

14.0240.13 

18.3540.87 

TCHL 

3.20±0.40 

4.0641.80 

3.2040.43 

4.6442.27 

12.4040.40 

16.2442.38 

CA 

1.1840.50 

4.9241.42 

1.4940.43 

2.9341.24 

11.3640.97 

12.3540.74 

RL 

11.5742.41 

33.3647.13 

8.3842.52 

15.1343.80 

5.8740.89 

26.3047.21 

SL 

10.2141.51 

46.5748.55 

14.9243.10 

37.0746.24 

13.4042.32 

62.39410.92 

FRW 

0.7340.27 

7.7342.08 

0.3840.11 

0.8740.47 

0.0240.01 

0.6940.25 

FSW 

1.0740.19 

7.9341.42 

1.4840.46 

6.8142.26 

0.0540.02 

3.9041.35 

DRW 

0.1640.08 

3.4041.01 

0.0640.03 

0.3640.16 

0.0140.00 

0.3540.13 

DSW 

0.3940.08 

3.5440.67 

0.3840.11 

2.0140.73 

0.0240.01 

1.9440.67 

SQI 

1.5740.28 

3.1041.38 

6.1242.41 

6.5741.16 

0.3240.19 

5.6441.20 

PTN 

1.5040.26 

3.0840.47 

2.9340.23 

5.6341.87 

1.9440.67 

4.6640.61 

SUG 

33.3944.12 

51.8349.87 

34.5843.88 

79.59423.19 

26.0846.24 

32.0846.22 

RSRATIO 

1.1040.28 

2.9441.42 

5.9442.42 

6.6841.57 

3.0041.66 

5.6141.20 

CHLA: Chlorophyll a, 

CHLB: Chlorophyll b, TCHL: Total Chlorophyll, CA: Carbonic Anhydrase, RL: Root length, SL: Shoot length, FRW: Fresh Root weight, 

FSW: Fresh Shoot weight, DRW: Dry Root weight, DSW: Dry Shoot weight, SQI: 

Seedling Quality Index, PTN: 

Proteins, SUG: Sugars, RSRATIO: Root Shoot 

Ratio. 







Table 5. Various growth, biomass and chemical characteristics in Tectona grandis , Ailanthus excelsa and Casuarina equisetifolia seedlings over 

180 days and their response to elevated 0O 2 levels (640 pL L" 1 ) and ambient (365 pL L" 1 ) conditions 




Tectona grandis 

Ailanthus excelsa 

Casuarina equisetifolia 

Parameters 

Ambient 

Elevated CO 2 

Ambient 

Elevated CO 2 

Ambient 

Elevated CO 2 

CHLA 

2.0240.79 

3.3242.03 

3.1541.95 

3.1542.17 

1.6240.61 

2.5441.45 

CHLB 

1.9240.55 

3.7642.31 

3.7342.19 

3.0443.07 

5.9647.59 

13.26416.70 

TCHL 

2.9140.86 

4.3441.40 

4.1541.32 

3.6942.15 

6.1346.10 

12.49414.17 

CA 

2.8242.29 

3.2742.15 

1.6940.47 

2.7341.43 

6.1944.58 

7.5244.96 

RL 

21.20412.26 

23.73412.90 

11.7145.14 

11.8044.44 

17.53413.47 

14.6449.92 

SL 

27.66418.50 

29.12421.60 

23.32410.54 

28.67413.93 

34.18423.22 

41.61429.80 

FRW 

4.0443.95 

4.4343.99 

0.5940.52 

0.6640.31 

0.3040.32 

0.4140.44 

FSW 

4.3243.55 

4.6843.94 

3.4543.15 

4.8443.18 

1.5241.76 

2.4342.54 

DRW 

1.6141.68 

1.9642.00 

0.2140.23 

0.2240.16 

0.1640.18 

0.2040.22 

DSW 

1.8141.54 

2.1241.87 

0.9540.89 

1.4541.05 

0.7740.90 

1.1941.26 

SQI 

1.8840.30 

2.7941.66 

6.0442.06 

6.6541.68 

2.6842.67 

3.2843.14 

PTN 

2.2240.87 

2.3640.96 

3.7041.09 

4.8742.38 

2.9441.60 

3.6541.44 

SUG 

40.6048.91 

44.62414.66 

53.61427.35 

60.56430.06 

27.2946.23 

30.8747.19 

RSRATIO 

1.5040.48 

2.5441.77 

6.1242.39 

6.5141.68 

3.7941.57 

4.8242.22 


CHLA: Chlorophyll a, CHLB: Chlorophyll b, TCHL: Total Chlorophyll, CA: Carbonic Anhydrase, RL: Root length, SL: Shoot length, FRW: Fresh Root weight, 
FSW: Fresh Shoot weight, DRW: Dry Root weight, DSW: Dry Shoot weight, SQI: Seedling Quality Index, PTN: Proteins, SUG: Sugars, RSRATIO: Root Shoot 
Ratio. 


Shoot fresh and dry weights of Tectona grandis: Tectona gran¬ 
dis showed increase in shoot fresh and dry weights over growth 
periods (Tables 1 and 4). C0 2 did not influence the fresh and dry 
weights significantly (Tables 1 and 5) but increments over the 
controls were 8.17% and 17.62%, respectively). Ailanthus ex¬ 
celsa: Similar to shoot length, C0 2 had significant influence on 
shoot fresh and dry weights (Table 2). The combined effect of 

Springer 


C0 2 and growth period had no significant influence on the fresh 
and dry weights. The percentage increase over control was about 
40.27% in shoot fresh weight and 52.91% in shoot dry weight 
under 640 pL L' 1 . (Fig. 2; Table 5). Casuarina equisetifolia: The 
trend observed for Ailanthus excelsa was also observed for 
Casuarina equisetifolias (Table 3). The percentage increase over 
control in shoot fresh weight was 60.03% and 54.10% in shoot 
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dry weight under 640 pLL' 1 (Fig. 2; Table 5).. 


Seedling quality index (SQI) 
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Fig. 2 Percent variation in shoot characteristics of Tectonu grandis, 
Ailanthus excelsa and Casuarina equisetifolia under elevated C0 2 
levels and ambient conditions 

Total biomass 



Elevated C0 2 levels enhanced the total biomass at higher levels 
of CCK The increment in total biomass was 19.58% in Tectona 
grandis, 44.51% in Ailanthus excelsa and 49.89% in Casuarina 
equisetifolia over their respective controls. Casuarina equisetifo¬ 
lia showed the greatest biomass increment in response to ele¬ 
vated C0 2 levels (Fig. 3). 

Root / shoot (R/S) ratio 

Tectona grandis seedlings showed significant variation in 
rootishoot ratio (R/S) with respect to C0 2 level, growth period 
and interaction between the two main factors (Table 1), while 
Casuarina equisetifolia showed significant increase over periods 
of time. Ailanthus excelsa showed significant variation with 
respect to combined effects of C0 2 elevations and growth peri¬ 
ods but not individually. The increments observed in rootishoot 
ratio in the species were 69.3, 6.4 and 27.2 (Fig. 3) for Tectona 
grandis, Ailanthus excelsa and Casuarina equisetifolia respec¬ 
tively. 



Biomass Seedling Quality Root-Shoot Ratio 

Index 


A trend similar to root-shoot ratio was observed in all three spe¬ 
cies. The SQI increment was highest in Tectona grandis (48.4 %; 
p <5%; Table 1) followed by Casuarina equisetifolia (22.39%; p 
>5%; Table 2) and Ailanthus excelsa (10.10 %; p >5%; Table 3; 
Fig. 3). The increase in Tectona grandis could be attributed to the 
increase in the leaf size as a result of elevated C0 2 levels. This 
result is in agreement with the R/S ratio. 

Biochemicals 

Chlorophylls of Tectona grandis: Chlorophylls a, b and total 
showed significant increase with elevated C0 2 levels and with 
the combined effects of growth period and elevated C0 2 levels 
(Tables 1 and 5). The increment in chlorophylls was 64.5%, 
95.84% and 49.06%, respectively for chlorophylls a, b and total 
recorded at 180 days of growth (Fig. 4; Table 5). Ailanthus ex¬ 
celsa: C0 2 had a negative influence on the chlorophylls in Ai¬ 
lanthus excelsa (Fig. 4; Table 5). The decline in chlorophylls was 
highest in chlorophyll b (18.52 per cent), followed by total chlo¬ 
rophyll (11.24 per cent). Chlorophyll a levels were similar in 
treated and control seedlings but slightly lower for controls (Fig. 
4; Table 5). The combined effects of growth period and C0 2 did 
not in any way influence the chlorophylls (Table 2). Casuarina 
equisetifolia: Elevated C0 2 and time period significantly influ¬ 
enced the chlorophylls in Casuarina equisetifolia (Table 3). In¬ 
crements of chlorophylls a, b, and total were 56.66, 122.7 and 
103.9, respectively (Fig. 4, Table 5). Replications showed sig¬ 
nificant increase in the chlorophyll b and total levels suggesting a 
need to screen genotypes to understand their varied responses. 
Combined effects of C0 2 and growth period showed significant 
responses for chlorophyll b and total chlorophyll (Table 3). 



Fig. 4 Percent variation in biochemicals namely chlorophylls, CA 
activity, total sugars and proteins of Tectona grandis, Ailanthus ex¬ 
celsa and Casuarina equisetifolia under elevated C02 levels and 
ambient conditions 


Fig. 3 Percent variation in Total biomass, seedling quality index 
and root/shoot ratio of Tectona grandis, Ailanthus excelsa and Casu¬ 
arina equisetifolia under elevated CO, levels and ambient conditions 


Carbonic anhydrase: CA increased significantly in Casua¬ 
rina equisetifolia, Tectona grandis and Ailanthus excelsa in re¬ 
sponse to elevated C0 2 (Tables 1 to 3). The increments were 
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16.02%, 61.74% and 21.38%, respectively for Tectona grandis, 
Ailanthus excelsa and Casuarina equisetifolia (Fig. 4; Table 5). 

Sugars and proteins: Sugars did not show significant re¬ 
sponses to increased levels of CO 2 though treatment means were 
higher for all three species, the increments being 10.0, 12.95 and 
13.12, respectively. However, protein levels varied significantly 
in Casuarina equisetifolia and Ailanthus excelsa, with recorded 
increments of 31.7 and 24.8 (Fig. 4; Table 5). 

Discussion 

Elevated levels of atmospheric CO 2 can increase production in 
greenhouses (Mortensen, 1987). Effects on gas exchange, respi¬ 
ration, growth, and development have been documented for a 
variety of plant species (Curtis and Wang 1998). Use of elevated 
CO 2 in the greenhouse, therefore, can be used to modify the phy¬ 
siology, size, or morphology of plants in order to meet specific 
objectives relevant to the desired end use (e.g. afforestation, 
agroforestry, reclamation). We subjected three tropical species to 
increased levels of CCEat the nursery stage. The most respon¬ 
sive was Casuarina equisetifolia, a nitrogen fixing species, pre¬ 
ferred by tree fanners due to its multiple uses and short rotation. 
This was followed by Ailanthus excelsa, an indigenous fast 
growing tree species in use by match industries. Tectona grandis, 
a long rotation species, showed less pronounced responses than 
the fast-growing species. The perfonnance of Tectona grandis 
was poor at the end of three months, indicating adverse effect of 
COj enrichment on morphological traits of this species (Varada- 
rajan et al. 2010) however at the end of six months, Tectona 
grandis showed higher root:shoot ratio and seedling quality in¬ 
dex indicating better adaptability to elevated CO 2 levels. Since 
stump planting is the preferred propagule for planting Tectona 
grandis, higher SQI indicates that the species would be able to 
perfonn better under varied climatic conditions. 

A second significant feature of the data sets is varying 
root:shoot ratios of the three species. Allometrics is a useful tool 
to evaluate biomass allocation among different plant organs. It is 
based on the logarithmic relationships between biomass parti¬ 
tioned to the two plant organs (root to shoot) (Nicklas 2005). In 
nature, plants are believed to develop a root to shoot ratio that is 
partly genetically inherited and partly determined by the envi¬ 
ronment. Plants sense the environment and respond to fluctua¬ 
tions in the resources availability by applying morphological and 
physiological controls that alter, among other processes, the car¬ 
bon allocation pattern. 

The root:shoot ratio is one measure that helps assess the over¬ 
all health of plants. An increase in root:shoot ratio can indicate a 
healthier plant provided the increase is from greater root size and 
not from lower shoot weight. In the present study, elevated CO 2 
levels maintained better root:shoot ratios than did controls. Sur¬ 
prisingly, Tectona grandis had the highest increment for 
root:shoot ratio with higher root biomass but low shoot biomass 
increment. The high root: shoot ratio and SQI suggests that Tec¬ 
tona grandis, although it did not show significant morphological 
responses during the study period, could adapt better to elevated 


CO 2 levels over longer periods of exposure. However, in Casua¬ 
rina equisetifolia and Ailanthus excelsa, increases in root:shoot 
ratio were more attributable to increases in shoot characteristics 
than the root though both showed increments in their overall 
growth performance. 

Morphological and growth responses to elevated C0 2 include 
increased biomass yield, height, total leaf area, total leaf weight 
and size, leaf weight per unit area, and dry matter allocation to 
roots (Radoglou and Jarvis, 1990a, b; Ceulemans and Mousseau, 
1994; Curtis and Wang, 1998). In our study, there was an in¬ 
crease in all shoot characteristics except in Tectona grandis 
where shoot length did not show positive response. Field obser¬ 
vations revealed larger leaf area for the species under elevated 
CO 2 suggesting resource allocation for expansion of leaves rather 
than to height. Root characteristics also showed positive re¬ 
sponse, except in root length in Casuarina equisetifolia, but field 
observations showed increased secondary and tertiary roots, this 
observation is in agreement with the root biomass increment. In 
all the three species, the biomass increased over the ambient 
grown species. 

Aspen and poplars grown in elevated C0 2 accumulated 55% 
more dry mass than trees grown in ambient CO 2 conditions. This 
increase resulted from dry mass increase of all the tree compo¬ 
nents, i.e. stem, branches, buds, needles and roots. In work with 
woody species at ambient and elevated CO 2 , Tischler et al. 
(2004) observed significant effects of elevated CO 2 on total bio¬ 
mass for mesquite ( Prosopis glandulosa) at day 3, and for park- 
insonia ( Parkinsonia aculeata L.), honey locust (Gleditsia tria- 
canthos L.), and huisache ( Acacia farnesiana (L.) Willd.) at 
eighth day. Similar increases in dry mass in response to CO 2 
enrichment have been observed for a range of tree species grown 
under field conditions (Norby et al. 1999). Elevated CO 2 has 
been found to cause greater allocation to root biomass (Dickson 
et al. 1998) and in our study, this was observed for all three spe¬ 
cies. An increase of 15% in stem height and 30%-45% in bio¬ 
mass under elevated C0 2 has been reported in tree species 
(Ceulemans et al. 1996; Curtis and Wang 1998; Wang et al. 2000; 
Zak et al. 2000). An increase in height of 8% and biomass 
(15%—30%) was observed in hybrid poplar under elevated C0 2 
(Tupker et al. 2003). 

Accumulation of foliar carbohydrates is one of the most pro¬ 
nounced and universal changes observed in the leaves of C3 
plants grown at elevated CO 2 concentration. In our study, the 
levels of total carbohydrates / sugars did not show significant 
variation in response to elevated CO 2 levels. Rogers and Ains¬ 
worth (2006) report that trees have large sinks for photosynthates 
and may be expected to avoid foliar carbohydrate accumulation 
in the presence of elevated C0 2 . Developing loblolly pines ex¬ 
periencing a step change in CO 2 at the Duke Forest FACE ex¬ 
periment (Hendrey et al. 1999) did not show an accumulation of 
carbohydrates when measured at multiple stages during the first 
season of CO 2 exposure (Myers et al. 1999). Rogers and Ells¬ 
worth (2002) did report foliar carbohydrate accumulation. Her¬ 
rick and Thomas (2001) did not report carbohydrate accumula¬ 
tion in sun or shade leaves of Liquidambar styraciflua (sweet- 
gum) growing at elevated C0 2 in the understory at the Duke 
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Forest FACE site (Herrick and Thomas 2001). However, Tissue 
et al. (2002) did report carbohydrate accumulation at elevated 
CO 2 in the same species at the Oak Ridge National Laboratory 
FACE site (Norby et al. 2001). Singaas et al. (2000) reported 
carbohydrate accumulation in Acer rubrum, Ceris canadensis 
and L. styraciflua at the Duke site. So it could be inferred that 
our understanding of the mechanisms underlying the response of 
foliar carbohydrates to elevated CO 2 in these tree species needs 
to be increased. 

Further, if high-C02 grown plants invest relatively more in 
cell walls and/or secondary compounds, this may increase their 
leaf longevity, but slow their growth, whereas an additional in¬ 
vestment in proteins (for example in photosynthetic machinery) 
may accelerate growth (Poorter and Bergkotte 1992). Here in our 
experiments, we observed an increase in the levels of proteins in 
Casuarina equisetifolia a major nitrogen source of the plant 
suggesting that the total non structural carbohydrate (TNC) lev¬ 
els could have increased, with an addition to the photosynthetic 
machinery as is evidenced by higher levels of chlorophylls. 

Conclusion 

Elevated CO 2 is a tool that can be used to modify growth and 
resource allocation in tropical tree species during nursery pro¬ 
duction prior to large-scale use. Overall, the three species re¬ 
sponded positively to elevated C0 2 with increased growth and 
allocation to roots. Modification of morphology through control 
of atmospheric CO 2 can be combined with selection of clones to 
produce planting stock appropriate to the end purpose. For agro¬ 
forestry/afforestation, both early establishment and maximum 
growth are of interest; in reclamation of ecologically degraded 
sites, large root systems that help ensure survival and rapid up¬ 
take of water and minerals are important. The latter would be 
useful even in bioremediation by absorption of contaminants. 
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